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Abstract 
This paper presents an overview of the wellbore integrity research component of the IEA GHG Weyburn-Midale CO2 Monitoring 
and Storage Project. The Weyburn and Midale fields are located adjacent to one another in southeast Saskatchewan, Canada, and 
have been undergoing full-scale CO2 flooding starting in 2000 and 2005, respectively.  Given that there are over four thousand 
wellbore penetrations in these fields, combined, effective implementation of CO2 storage requires an understanding of the 
hydraulic properties of these wellbores, their response to CO2 exposure, appropriate tools for monitoring their performance, and 
knowledge of appropriate remediation options. The objectives of the wellbore integrity research program in this project are all 
oriented towards developing an understanding of these issues, and towards documenting this information in the Project's Best 
Practices Manual. Research activities summarized in this paper include an overview of a downhole testing program which is 
planned for October 2010, a review of literature and regulatory policies on current practices in oil and gas production and 
injection which are relevant to wellbore integrity in CO2 storage projects, and the development of a wellbore database and its use 
in support of a ranking system to classify wells based on their potential for leakage and a ‘life of well’ numerical modelling 
project. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The Weyburn and Midale fields are located adjacent to one another in southeast Saskatchewan, Canada, and are 
operated by Cenovus (formerly EnCana Corporation) and Apache Canada Ltd., respectively. Oil production from 
these fields began in the 1950's, with full-scale CO2 flooding starting in 2000 (Weyburn) and 2005 (Midale).  Given 
that there are over four thousand wellbore penetrations in these fields, combined, effective implementation of CO2 
storage requires an understanding of the hydraulic properties of these wellbores, their response to CO2 exposure, 
appropriate tools for monitoring their performance, and knowledge of appropriate remediation options. The 
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objectives of the wellbore integrity research program in this project are all oriented towards developing an 
understanding of these issues, and towards documenting this information in the Project's Best Practices Manual. 
Following is a summary of research projects recently completed and currently underway in the project. 
2. Downhole Testing Program 
Introduction: Collecting data that helps to quantify the potential risks of CO2 leakage along abandoned wellbores 
for long term storage of CO2 is an important component in the overall risk management of CO2 storage projects. A 
field testing program, which will investigate (in situ) the conditions and properties of well systems, is planned for 
October of 2010 in a vertical well in the Weyburn Field. The information gained from the program will inform the 
debate concerning the suitability of current oil and gas practices for geological storage projects, and provide 
valuable input into the risk/performance assessments of long-term well integrity. Following is a description of the 
well selected for study, and a summary of each of the tasks in the proposed program. 
Well description: The well to be investigated was drilled as an oil producer in 1957, and is located at the corner 
of an area that has been under CO2 flood for approximately 5 years. Surface casing was set at 122 m (400 ft) depth, 
then 222 mm (8.75 inch) hole was drilled to 1471 m (4824 ft) depth and cased with 139.7 mm (5.5 inch) casing. A 
simplified view of the stratigraphy at the wellsite is shown in Figure 1. Oil production comes from an upper 
dolostone layer (the Marly unit) and a lower limestone layer (the Vuggy unit) within the Midale beds of the 
Mississippian-age Charles Formation. The immediate seal is provided by the Midale Evaporite. Overlying the 
Midale Evaporite are additional, predominantly carbonate strata of the Charles Formation; these are uncomformably 
overlain by the Triassic-age Watrous Formation at a depth of approximately 1401 m (4595 ft). The Watrous 
Formation consists predominantly of clastic rocks (redbeds) and serves as the most regionally extensive seal within 
(and beyond) the Weyburn and Midale fields [1]. 
The well was suspended in 2009, at which time a retainer was set in the Midale Evaporite, approximately 5 m 
(16 ft) above the top of perforations (1440 m; 4723 ft). Due to active water and CO2 injection in offset wells, 
elevated pressured exist beneath the retainer. To mitigate operational risks during the course of the well integrity 
testing program, the retainer will remain in place and it will be used to run a cement squeeze into the Midale beds 
prior to commencement of the testing program. 
A sector bond log and a multi-finger caliper were run in the well in November, 2009. The results suggest that the 
well is in suitable condition to enable the proposed testing program, and that the top of the production casing’s 
cement sheath is at a depth of approximately 1140 m (3740 ft). 
 
 
Figure 1 Planned cased-hole logging program 
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Non-destructive well integrity assessment (cased-hole logging): A suite of wireline logging tools will be run as 
part of this well integrity assessment program.  One purpose for these logs is to identify suitable intervals for the 
destructive tests to follow (see below); another purpose is to provide results to compare against the quantitative 
information obtained from the destructive testing (esp. cement sheath hydraulic properties interpreted from pressure 
transient testing). Given the non-destructive nature of the logs to be run, and their relatively low costs compared to 
specialized destructive tests, an assessment of cased-hole logging as an approximate means of quantifying well 
integrity (e.g., hydraulic properties) will be a key project outcome. 
Initially, a bit, scraper and drift ring will be run to remove scale/wax/cement, etc., in order to ensure that the 
casing is clean and that good data can be collected. Then a logging suite to be run, which will include the following 
(see Figure 1 for a summary): 
 Schlumberger’s Isolation Scanner will be used to evaluate the casing, cement, and cement interfaces. It will be 
used to create maps and estimates of the integrity of the casing and the cement behind the casing.  The 
Isolation Scanner works using a pulse-echo and flexural mode to radially measure the surface of the inside, 
surface of the outside, and the thickness of the casing.  It also will be used to create solid liquid gas maps of 
the material behind the casing and identify and contamination or cracks that may exist within the cement 
sheath.  Lastly the Isolation Scanner will be used to detect the third interface, in this case the annulus-
formation contact.  If the third interface is seen, there is a possibility of using the flexural mode to determine 
an acoustic velocity of the cement – hence providing an indicator of the quality of the cement. 
 Schlumberger’s Sonic Scanner is a sonic logging tool used to collect information on both the integrity of the 
well and the properties of the surrounding formation.  The sonic scanner uses receivers spaced at 0.91 and 
1.52 m (3 and 5 ft) to collect data that can be used to create cement bond logs and variable density logs that are 
comparable to those collected from a CBT (cement bond tool).  Simultaneously, the Sonic Scanner acquires 
formation compressional and shear slowness values by the use of both monopole and dipole wave sources.  
This information enables the calculation of rock mechanical properties. 
 Schlumberger’s Reservoir Saturation Tool (RST) is a pulsed neutron tool which will be run to obtain an 
indication of the fluids in the near-well area.  The inelastic C/O mode will be used to estimate the carbon-to-
oxygen ratio of the fluids in the formation in high porosity zones, and the sigma mode will be run to collect 
data on the neutron capture cross section of the fluid in the formation to differentiate brine from other fluids 
(such as CO2).  Elemental analysis, ELAN, will also be conducted to provide an indication of porosity and clay 
content; this will help to identify low-permeability zones in which to run the pressure transient testing (see 
below). 
 Baker Atlas’ High-Resolution Vertilog™ is an electromagnetic casing inspection tool which generates a 360-
degree defect map and accurately pinpoints the location, size, and shape of casing defects, whether internal or 
external. This tool will provide information on casing corrosion in the test well. 
In addition, following review of the logs listed above and preliminary selection of intervals for pressure transient 
testing (see below), a video camera logging run will be conducted to visually assess the downhole casing conditions 
in the vicinity of these intervals. 
Cement sheath pressure transient testing: A built-for-purpose Pressure Transient Tool (PTT) developed by 
Opsens Solutions Inc. will be used to implement this task, which will quantify the hydraulic properties of the 
cemented annulus at selected intervals within the site’s regional seal (i.e., the Watrous Formation; more specifically, 
the lower Watrous).  The PTT incorporates downhole sealing elements (packers, obtained from Tam International) 
and tubing and cable by-pass devices allowing for isolation between the zones of interest. The tool consists of four 
hydraulically inflatable packing elements, packer inflation lines, injection ports, pressure and temperature sensors, 
and the coiled tubing string to lower it to the test depth. 
Each test will involve the creation of two zones of hydraulic communication between the well and the cement 
sheath, one near the top and one near the base of the test interval. One packer each at the top and bottom of the tool 
will be inflated to isolate the entire test interval from the rest of the well. The two zones of communication will then 
be hydraulically isolated from one another using a pair of packers, with a pressure gauge located between them to 
monitor for leakage at the packer-casing interface. Water will then be injected into the upper packed-off zone, and 
the pressure response will be monitored at the lower zone. The planned testing sequence is illustrated in Figure 2. 
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The pressure transient tests will be conducted in three different intervals within the Watrous Formation. Logging 
results from Task 1 will be used to identify one interval in which cement sheath conditions appear to be best, one 
where they appear to be worst, and one interval with intermediate conditions. The logging results will also help to 
identify test intervals with best odds of obtaining a good seal with the PTT’s packer elements. 
The MaxPERF® tool supplied by Penetrators Canada Inc. will be used to create a series of holes that will 
establish the hydraulic communication at each of the zones of pressure communication. Each hole will be drilled to 
a sufficient depth to fully penetrate the cement-filled annulus and penetrate several millimeters into the surrounding 
formation. A sufficient number of holes (approximately 20) will be drilled to emulate the hydraulic behaviour of a 
slot; Figure 3 shows an example of the type of hole configuration expected. The benefits of drilling the “slots” 
include good control on depth of penetration, and the creation of a clean penetration (compared, for example, to 
conventional perforating technologies) with no damage to the adjacent cement sheath. 
 
 
Figure 2 Pressure transient testing sequence. Constant pressure injection will be used for low-permeability 
cement sheaths; square-wave pressure pulsing will be used if higher-permeability conditions are 
encountered/ 
 
Figure 3 Illustrative geometry of holes drilled in casing for each injection or pressure monitoring zone. 
Actual hole diameters will be 15.9 mm (0.625 inches). 
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Numerical modeling has been conducted to simulate pressure response for various scenarios which span the 
expected range of cement, micro-annulus and formation hydraulic properties. These results will inform the testing 
procedures, and enable preliminary (on-site) estimation of hydraulic properties. Additional model analyses will be 
conducted after testing, using recorded pressure response data and formation permeability data obtained from mini-
frac pressure fall-off data (see below), in order to back-calculate estimates of cement sheath permeability. 
Mini-frac testing: After the completion of Task 2, each pair of perforated zones will be straddle-packed with the 
top-most and bottom-most packers of the PTT tool, pressured up to the point of inducing a small hydraulic fracture, 
then injection will be shut-in and pressure fall-off will be monitored. The horizontal stress magnitudes to be 
interpreted from these data will fill a significant data gap identified in the geomechanical modeling and risk 
assessment analysis conducted in the Weyburn-Midale Project. Further, formation permeabilities will be estimated 
from the pressure fall-off data acquired after fracture breakdown and injection shut-in. These permeabilities will 
help constrain the numerical model analyses of pressure transient data, and reduce the uncertainty in the cement 
sheath permeabilities interpreted from these data. 
Cement sampling: No technology currently exists for obtaining sidewall cement cores in 139.7 mm (5.5 inch) 
casing. The cement coring (CemCore) tool developed for this testing program is based on modifications to the 
MaxPERF® tool. Figure 4 describes the zones and numbers of samples to be taken. The exact location of sampling 
depths will be selected upon review of the cased-hole logs. Zones with poor or absent cement behind casing and/or 
poor casing centralization, if they exist, will be avoided. The logs should also help assess if cement has been 
exposed to CO2 in the caprock, immediately above the existing retainer. 
For these coring operations, the modified MaxPERF® tool will be run on jointed tubing; though trip times will be 
somewhat longer than those achievable using coiled tubing, depth and steering control of the tool will be better on 
jointed tubing.  
The tool will be landed at the zone of interest and locked into place. The modified MaxPERF® tool will mill 
through the casing, then drill a core of the cement; dimensions anticipated for the cores are 9.5 mm (3/8 inch) 
diameter and 38 mm (1.5 inch) length. The cement sample will be retained in the tool’s cutter, which will be 
retracted into the tool then brought to surface. 
All samples obtained will be preserved, for use in subsequent laboratory analyses focused on assessing the effects 
of 53 years of in-situ aging and (if suitable samples are obtained, approximately five years of CO2 exposure) on the 
composition and petrophysical and mechanical properties of oilfield cement. 
 
 
Figure 4 Proposed cement sampling program. 
Fluid sampling - Gravelbourg Formation: Pore fluid composition of the Gravelbourg Formation, an aquifer which 
immediately overlies the Watrous Formation, has been identified as a significant gap in the Weyburn-Midale 
Project’s hydrogeological dataset. A 7.1 mm (0.28 inch) hole will be drilled into the Gravelbourg using 
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Schlumberger’s Cased-Hole Dynamic Tester (CHDT) tool, which will then be used to obtain a fluid sample of 
approximately 1 litre in volume. The sample will then be subjected to compositional and isotopic analysis. 
Well abandonment: The final well abandonment program will be developed by Cenovus.  It will be designed to 
meet regulatory standards, accounting for all of the casing penetrations which will have been made during the course 
of the testing program. Further to the cement to be squeezed below the existing retainer, the abandonment will likely 
involve filling the casing above the retainer with cement. 
Data interpretation: Due to the complexity of the dataset to be generated by this work, and allowing time for 
follow-up laboratory analyses, etc., it is anticipated that post-test analyses will continue for approximately one year 
following completion of the downhole testing and sampling. 
3. Knowledge Synthesis from Existing Practices 
Background: Current industry practices, tools and materials pertaining to wellbore integrity in conventional CO2 
EOR operations, acid-gas injection, and other gas injection operations are highly relevant to CO2 EOR/storage 
projects. As such, an investigation was undertaken to compile, review and assess relevant information from a variety 
of sources. 
Literature review:  
In an effort to better understand the effect of wellbores on the long term security of CO2 storage reservoirs, a 
literature review was conducted to determine what factors significantly impact wellbore integrity, and if these 
factors may be used to predict wellbore failure. The literature review primarily focused on the following topics: (i) 
wellbore annular seal; (ii) cement corrosion in CO2; (iii) steel corrosion in CO2; and (iv) operational issues 
associated with CO2. Secondary focus was given to CO2 EOR, CO2 sequestration, CO2 reservoir modeling, acid gas 
disposal and other related topics. The search obtained information mainly from the following sources: (i) Society of 
Petroleum Engineers; (ii) Environmental Science and Technology; (iii) IEA GHG; (iv) CIM Petroleum Society; (v) 
public and academic libraries; and (vi) the Internet. 
Approximately 70 articles, reports, studies and other publications were summarized, with increasing levels of 
detail for the newer and more relevant documents. An additional 150 documents were reviewed and discounted as 
not being current or pertinent to the topic of wellbore integrity. 
The overwhelming message from this literature review is that cement integrity is the most important indicator of 
wellbore integrity. Recent laboratory results show that CO2 attack on the porosity of the cement is unlikely to cause 
significant wellbore failure in well cemented wellbores using cements with relatively low porosities or water-to-
cement ratios. 
Cementing issues which leave gaps between the bond interfaces and poor cementing practices which allow 
cement channeling are probably the main cause for concern. These gaps lead to external casing corrosion and failure 
which could allow CO2 migration to shallower zones (e.g., potable aquifers) and/or release to the atmosphere. Some 
of the literature also indicated that small apertures such as micro-annuli and cement cracking may be self healing. 
The results of this review suggest that the main causes of wellbore integrity failure are known and generally 
understood. New wells being constructed in the future should utilize this knowledge in designing wells that will 
withstand many operational changes. 
Abandonment practices should be incorporated to withstand a range of reservoir fluids and pressures. Multiple 
plugs should be considered to protect all porous intervals and shallow intervals which may contain useable 
groundwater and other resources (e.g., natural gas). 
Regulatory policy review:  
The regulations for wellbore construction, well abandonment, and injection wells have constantly changed with 
research and new innovations. The push for CCS projects combined with the development of EOR around the world 
will force regulators to look at their existing legislation and evaluate if new legislation is necessary for CCS. This 
project investigated current regulations of Alberta, British Columbia, Saskatchewan, Colorado, Texas, Oklahoma, 
Arizona, North Dakota, Montana, California, Norway, France, and Australia, for wellbore construction, 
abandonment and injection. These current regulations generally focus on CO2 injection for EOR or gas storage. In 
some instances acid gas disposal is regulated. 
Going forward, wellbore construction regulations which specifically deal with groundwater protection and 
enhanced zonal isolation will help to ensure safe long-term storage of CO2 in depleted oil and gas reservoirs or deep 
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saline aquifers. Wellbore construction practices in some jurisdictions may need to be enhanced to include full length 
cementing of all wellbores. The exposure of uncemented casing to CO2 which will occur in some jurisdictions may 
be problematic. 
Generally the requirements for injection wells will be adequate in most jurisdictions. CO2 injection for EOR has 
been regulated in many places for decades. 
Abandonment regulations may need to be enhanced. The use of mechanical sealing devices for permanent 
abandonment will likely put future CO2 storage schemes at risk and may make safe long-term storage in some areas 
economically prohibitive due to the numbers of wells that will require remediation. 
Monitoring of injection fronts and the large volumes of CO2 that are planned for disposal will require the 
modification of the area of review for most regulators. In general, the area of review has been limited to a specific 
EOR pool or a predetermined radius (usually one mile) from the injector. This radius will be inadequate for large-
scale disposal schemes into large saline aquifers. In some areas this review will be difficult due to poor historical 
records of existing wellbores. 
Regulations that require the following will provide the greatest level of protection, long-term, from groundwater 
contamination and leakage to the atmosphere: 
 Surface casing set below in-use groundwater aquifers; 
 Evaluation of cement integrity behind surface casing; 
 Full length cementing of production or intermediate casing; 
 Evaluation of cement integrity behind production or intermediate casing; 
 Ongoing monitoring of zonal isolation in injection wells through regular cement evaluation and flow behind 
pipe evaluations in injection wells; 
 Detailed casing, cementing and abandonment data requirements for wellbores within the area of review; 
 An area of review that adequately encompasses the projected CO2-affected area; 
 Abandonment practices that required full cross-sectional plugging of both open hole and cased hole across 
permeable and porous formations, whether completed or not; and 
 Confirmation of plug integrity in abandonments prior to uphole plugging or surface abandonment. 
In light of results obtained from the review of literature and regulations, a follow-up study pertaining to casing 
corrosion rates has been initiated. The study will involve literature review on corrosion rates in casing materials 
exposed to CO2-bearing fluids at representative downhole pressures and temperatures, and will be undertaken jointly 
by the Institute for Corrosion and Multiphase Technology (Ohio University) and RAE Engineering and Inspection 
Ltd. Completion of this task is anticipated by December 2010. 
Operators survey: A survey and investigation of various CO2-EOR projects around the world was initiated in an 
attempt to discover differing operating conditions and evaluate these operations for best practices in the area of 
wellbore integrity. The goal of the study was to survey and investigate the operating practice of at least three CO2-
EOR projects which had operated for over five years with various attributes of reservoir type, wellbore 
configuration and regulatory jurisdiction. 
The study was initiated by emailing a letter to over 100 recipients, which described the project and requested 
participation. Attached to this letter was a short survey to gather general information about the project. This survey 
also asked if the respondent would be interested in participating in a more in-depth investigation of their operations. 
Requests were sent based on contact information provided by the IEA GHG, the Oil & Gas Journal 2008 World 
Wide EOR Survey [2] and the authors’ personal contacts. 
The response to the survey was disappointing. Only two operators responded, indicating that they would 
participate by providing information on a total of three sites. Data from these sites were reviewed, but no results of a 
specific nature are available for release in this paper. In a generic sense, learnings gained from these reviews have 
been assimilated with results of the literature review, the regulatory policy review, and the authors’ collective 
experience to form the basis for wellbore integrity-related contents of the Weyburn-Midale Project’s Best Practices 
Manual, which is slated for release in autumn 2011. 
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4. Wellbore Database and Modelling 
A wellbore database has been developed in MS Access, and more recently transferred to a web-based platform 
(MySQL). It captures well construction parameters and well history data that are relevant to wellbore integrity for 
the hundreds of wells that exist in the Project's focused area of study. This database can be used to retrieve statistical 
information on relevant wellbore parameters, and it is currently being used in a research project which involves the 
mining of this dataset to identify criteria for ranking wellbore leakage potential. 
The database is also being used to provide input data for an ongoing project which involves numerical modelling 
of cement sheath conditions over time, from cement emplacement through to long-term storage. This task is highly 
integrative, in that the simulation workflow draws input data from the wellbore database, and will be calibrated 
against field observations and data collected during the downhole testing program. 
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